Force Impulse (ARFI) Shear Wave Elastography (SWE) are small, with associated high echo correlation. Quantitative SWE techniques estimate the velocity of shear waves by tracking tissue motion at one or more locations with ultrasound beams of width comparable to the dimensions of the shear wave. These shear wave arrival time estimates are known to be noisy even at high echo SNR. We hypothesize that the observed arrival time variations are largely due to the underlying speckle pattern, and call the effect speckle bias. Field II was used to simulate imaging of both diffuse and point targets subject to shear wave motion. A 5.3 MHz linear array with transmit apertures of f/2-8 and receive apertures of f/2-4 was modeled, with a range of shear wave amplitudes (5-20µm) and profiles simulated. The local speckle pattern was determined through swept-receive-aperture imaging of the transmit beam. Arrival time bias found to be strongly (r=0.7) correlated with the location of the lateral peak of the swept-receive speckle pattern. The results suggest that high RF echo correlation does not equate to an accurate shear wave arrival time estimate, and that RF echo correlation is weakly related to arrival time accuracy. The variation in shear wave arrival time bias at a given location over the range of shear wave amplitudes considered is an order of magnitude smaller than the variation with different speckle realizations obtained along a given tracking vector.
I. INTRODUCTION
Acoustic radiation force impulse (ARFI) based Shear Wave Elastography (SWEI) is a current focus of research for the noninvasive evaluation of tissue mechanical properties [1] . A challenge is to reduce the variability of shear wave speed estimates [2] . In the liver, for instance, small changes in shear wave velocity are observed between early fibrosis stages [3] . On the other hand, shear wave arrival time estimates are observed to be noisy, both simulation and in practice, even with high echo SNR [4, 5] . Reduction of the variance in shear wave speed estimates could reasonably be expected to improve diagnostic capability of ARFI-SWEI.
ARF-SWEI techniques generate small tissue displacements, on the order of 10 -4 m or less. These small displacements result in highly correlated of echo signals enabling micron-scale tissue motion tracking, in vivo [6] . Tracking is imperfect, due both to finite echo SNR as well as shearing of the scattering sites in the tissue; the resulting imperfect correlation of tracking echoes is one source of noise in ARFI elastography [7, 8] . Furthermore, recent work comparing single-and multiple tracking location ARFI SWEI methods indicate that errors in shear wave arrival time estimates are stable for a particular speckle realization [9] .
We hypothesize that the observed arrival time variations are largely due to the underlying speckle pattern, and call the effect speckle bias. The amplitude of the tracked echo is a combination of the spatial sensitivity function of the imaging system and the particular scatterer interference (speckle) pattern. Interference of scatterers within the spatial sensitivity function can result in a total echo signal that arises from a location off the tracking beam axis. That is, the tracked echo can correspond to a point within, but not necessarily centered in, the spatial sensitivity function of the system, resulting in a biased estimate of the shear wave arrival time.
Here we demonstrate a strong correlation between the shear wave arrival time estimate and the local speckle pattern. We find a high correlation between the lateral location of peak speckle brightness at a given range and the bias of the time-topeak (TTP) shear wave arrival time estimate. Our simulations suggest that high RF echo correlation does not equate to an accurate shear wave arrival time estimate, and that RF echo correlation is weakly related to arrival time accuracy.
While the presence of a strong on-axis speckle is associated with high RF correlation and low bias, the converse does not appear to be true -highly correlated RF echoes can still produced biased arrival time estimates. The shear wave arrival time bias is relatively stable with variations in shear wave amplitude and polarity compared to the variation with different speckle realizations obtained along a given tracking vector. We observe that the arrival time bias is weakly dependent on shear wave amplitude compared to the variation with axial position/local speckle pattern.
II. SPECKLE BIAS
Tracking of scatterers distributed throughout an elastic target is illustrated in Fig. 1a . Ultrasound pulses emitted from a transmit aperture are scattered by sites within the target and collected by a receive aperture. Within a given resolution cell scatterers generate echoes which may constructively or destructively interfere. As tissue motion is tracked, the system Supported by NIH NIBIB R03 EB016127 is sensitive to areas of constructive interference, while the motion of areas of destructive interference is hidden.
To estimate the local sensitivity of the system to a particular distribution of scatterers, a weighted swept receive (WSRx) image is formed, as illustrated schematically in Fig.  1b , by keeping the transmit aperture in a fixed location while the receive aperture is translated across the region of interest. Processing of the echo data obtained is otherwise the same as conventional B-mode imaging, with RF echo data envelope detected and scan converted based on the geometry of the receive beam, forming an image of the transmit beam profile. To estimate the speckle pattern as "seen" by the tracking receive aperture, the swept receive image is weighted laterally by a lateral sensitivity function, producing a well-localized speckle pattern.
The shear wave arrival time at a given axial position may be found, e.g. from the time to peak displacement. Within the simulation, the position x 0 of the shear wave at time t=0 is known, as is the shear wave speed. The TTP estimated arrival time t a of the shear wave may be scaled by the shear wave speed to estimate the tracked location in the target, x t = c s t a + x 0 . An example of a simulated WSRx speckle pattern is illustrated in Figure 1c , along with an overlay of the scaled shear wave arrival time estimate at the tracked location, showing a clear correlation between the two.
III. METHODS
Field II [10] was used to simulate imaging of elastic targets displaced by a shear wave. The simulation geometry was as depicted in Figure 1 . A 192 element linear array, similar to the Siemens VF7-3 transducer, was modeled. Simulations were performed with an ultrasound center frequency of 5.3 MHz and a sampling rate of 1 GHz. Rectangular apodization was used for both transmit (f/3 to f/8) and receive (f/2 and f/4) apertures. A fixed transmit focus at 3.8 cm and dynamic receive focusing were simulated.
Ten independent, fully-developed speckle targets were generated, each with 12,000 scatterers randomly distributed in a plane between -5mm<x<5mm and 30mm<z<50mm. B-scan and swept-receive imaging were performed for each set and each transmit/receive aperture combination. A Gaussian lateral weighting was applied to the swept receive beam pattern
with W varied from 0.05 to 0.8 mm. Two metrics were calculated to describe the lateral position of the WSRx speckle pattern. The first moment of the WSRx speckle signal at axial position z was calculated as
where x n is the lateral position of the n th a-line. The lateral peak x p (z) was determined from the maximum of the WSRx at a given axial position z. The WSRx data was interpolated laterally by a factor of 4 prior to maximum detection. Each scatterer realization was displaced by a Gaussian-pulse plane shear wave described by
where u represents the displacement in the +z direction, A the peak displacement (±5, 10, 20 µm), c the shear wave speed (±1.4 m/s), and the pulse width parameter (0.5 mm). In this model the peak displacement at the tracking location x=0 occurs at t=0, i.e. x 0 =0. Echo collection was simulated from -2.2 to 2.2 ms in 0.1ms steps.
RF echo tracking was performed by normalized cross correlation, using the first simulated echo as the reference echo for comparison with all subsequent echoes. A tracking window length of 2 was used. Subsample RF displacement estimates were obtained by parabolic interpolation of the cross correlation signal peak.
The shear wave arrival time was estimated from the time to peak displacement (TTP) and the time of the first moment of the displacement (TFM). In the peak-displacement estimation, sub-sample arrival time estimates were obtained by interpolation of the displacement estimates. The first moment estimate of arrival time was calculated as
where T=0.1 ms is the pulse repetition period, n the slowtime index, and u n the estimated displacement.
Arrival time estimates calculated by both methods were converted to lateral positions by scaling with the simulated shear wave velocity, allowing the lateral position of the speckle pattern (peak or first moment) to be readily compared with the shear wave arrival time estimate. The four differences, peak or first moment lateral speckle position minus the peak or first moment scaled arrival time, allowed for estimation of the potential corrective benefit obtained through knowledge of the lateral speckle position in shear wave arrival time estimation.
IV. RESULTS
The effect of varying the lateral weighting width parameter W on the relationship between the lateral speckle pattern and arrival time estimate is presented in Figs. 2-3 . The difference between the arrival time estimate scaled by the shear wave speed and the lateral speckle position estimate is reported as root mean square error (RMSE) in Fig. 2 . The RMSE exhibits a minimum corresponding approximately to the width of the point response of the imaging system. The values of W corresponding to the RMSE minima do not show an appreciable dependence on the transmit f-number but vary with receive aperture. For a given receive f-number, an increasing transmit f-number results in an increased minimum RMSE. Interestingly, the correlation between the speckle pattern and the arrival time (Fig. 3) does not peak at the same receive weighting width, but increases as the weighting function is narrowed. The correlation coefficient is a strong function of W for the f/2 receive aperture, but less so for f/4. The RMSE and correlation variation with W are largely determined by the receive f-number, and do not change appreciably with transmit f-number. Two-dimensional histograms depicting the joint probability density of the location of the lateral speckle peak of the WSRx image at a given axial position and the scaled estimated shear wave arrival time are presented in Fig. 4 . These joint densities were obtained for lateral weighting functions corresponding to the receive point spread function. In all cases a clear dependence is observed between the two variables. Increasing transmit and receive f-numbers produces a greater spread of both the arrival time estimates and the lateral speckle position, consistent with the correspondingly greater beamwidths.
The average absolute scaled arrival time error as a function of the minimum RF tracking echo correlation coefficient over all slow time for a given axial location is shown in Fig. 5 . Minimum RF echo correlation was selected as the metric as RF echo correlation varies over the passage of the shear wave through the tracking region, with correlation minima corresponding to maximum shearing of the scatterers. Echo correlation appears to be weakly predictive of absolute error, consistent with the notion that tracking of a dominant off-axis speckle can simultaneously yield high RF correlation and a biased arrival time estimate. 
V. DISCUSSION
The results presented here show a strong correlation between the arrival time bias at a given axial position and the lateral position of the speckle pattern.
While such a correspondence would be expected for an isolated point target, the results presented here are perhaps less obvious because they are obtained in fully developed speckle targets. Though the speckle position and arrival time bias are correlated, the weighted swept receive method described here does not allow for perfect correction of arrival time bias.
The relationship between RF echo correlation and arrival time error as (Fig. 5) suggests that high RF echoes correlation does not imply a high accuracy shear wave arrival time estimate. In the case of a single scatterer this is intuitiveechoes from a single target will be perfectly correlated for small axial translations in the tracking beam focal zone, up to negligible beam diffraction and electronic noise contributions, but the estimated arrival time will depend on the position of the scatterer and not the tracking beam. High echo correlation in the fully developed speckle case modeled here indicates that a region was tracked with high precision, but not that the tracked region was centered along the tracking beam axis.
A relatively small change in arrival time error over the range of shear wave amplitudes considered here is observed (Fig 6.) , compared to the larger change with different speckle realization obtained at various axial positions. Small changes in shear wave amplitude, as due to varying distances from multiple shear wave sources to a particular tracking location, will have a small effect on the arrival time error; certainly smaller than that associated with a different speckle realization (Fig. 6 ).
The stability of the arrival time bias with small changes in shear wave amplitude (Fig. 6) , as due to varying distances from multiple shear wave sources to a particular tracking location, highlights the advantage of STL methods; taking the difference of arrival time estimates of two shear waves tracked at a single location, even of different amplitude, almost completely suppresses the speckle bias. In the MTL case the two uncorrelated biases from two tracking locations are not suppressed. This observation is consistent with previous experimental comparisons of STL and MTL methods [4, 9] .
VI. CONCLUSION
A high correlation between the local speckle pattern of a diffuse scattering target and shear wave arrival time bias has been demonstrated through simulation. The lateral position of the speckle in the WSRx image corresponding to a tracked region is strongly, though not perfectly, predictive of arrival time bias. This high correlation, coupled with the relative stability of the arrival time bias over a range of shear wave amplitudes compared to the variation in bias with different speckle realizations, suggests that speckle position, rather than echo decorrelation, is the major source of arrival time bias. The results suggest that use of RF echo correlation to predict the error associated with a shear wave arrival time estimate is unfounded, as little change is seen in the absolute error of arrival time estimates with RF correlation. Further investigation into the relationship between arrival time bias and speckle pattern may lead to improved compensation for speckle bias. 
